Abstract. On Oct. 17, 2002, the ESA INTEGRAL observatory was launched into a highly elliptical orbit. SPI, a high resolution Ge spectrometer covering an energy range of 20-8000 keV, is one of its two main instruments. We use data recorded early in the mission (i.e. in March 2003) to characterize the instrumental background, in particular the many gamma-ray lines produced by cosmic-ray interactions in the instrument and spacecraft materials. More than 300 lines and spectral features are observed, for about 220 of which we provide identifications. An electronic version of this list, which will be updated continuously, is available for download at CESR. We also report first results from our efforts to model these lines by ab initio Monte Carlo simulation.
Introduction
The Spectrometer for INTEGRAL (SPI) is one of the two main instruments on board ESA's INTEGRAL observatory launched from Baikonour, Kazakhstan, on Oct. 17, 2002 . The INTEGRAL mission was placed into a highly elliptical orbit with a perigee of 9000 km. Consequently, INTEGRAL does not benefit from geomagnetic shielding and is fully exposed to all cosmic rays. Interactions of these cosmic rays within the instrument and spacecraft materials are the dominant source of instrumental background for SPI. In particular, delayed decays of radio-isotopes and prompt de-excitations of excited nuclei produced in nuclear interactions give rise to a plethora of Send offprint requests to: G. Weidenspointner, e-mail: Georg.Weidenspointner@cesr.fr Based on observations with INTEGRAL, an ESA project with instruments and science data centre funded by ESA member states (especially the PI countries: Denmark, France, Germany, Italy, Switzerland, Spain), Czech Republic and Poland, and with the participation of Russia and the USA. instrumental lines which are the focus of this work. The general characteristics of the SPI instrumental background and its temporal and orbital variation are described by Jean et al. (2003) .
A detailed understanding of the instrumental lines is valuable for both the operation of the instrument as well as for scientific analyses. Accurate line identifications are a prerequisite for the absolute energy calibration of the detectors and the monitoring of their radiation damage. Many scientific analyses, in particular studies of diffuse gamma-ray emission from the Galaxy, necessitate modelling both the amplitude and shape of the instrumental background in specific energy regions. Typically, this involves modelling of instrumental lines.
Instrument description and data analysis
The SPI spectrometer consists of an array of 19 actively cooled high resolution Ge detectors with a total volume of 3396 cm 3 . The detectors cover an energy range of 20-8000 keV at an energy resolution of about 2.5 keV full width at half maximum (FHWM) at 1.1 MeV. SPI employs an active anti-coincidence shield made of bismuth germanate (BGO), which also acts as a collimator. Detailed descriptions of the instrument, its ground calibration, and in-flight performance are given by Vedrenne et al. (2003) ; Attié et al. (2003) ; Roques et al. (2003) .
The data used in this investigation were recorded in March 2003 (i.e. during revolutions 49, 50, 51, and 53) . During this time the variation of the temperature of the Ge detectors and their electronics, and consequently the gain drift, was suffciently small to allow us to use a single energy calibration for the combined data. Also, these revolutions followed shortly after the first detector annealing, hence the energy resolution of the detectors was close to optimal (see Roques et al. 2003 ). An absolute energy calibration was obtained by first summing all data for each detector and by assuming a quadratic relation between channel number and energy for both the low (up to about 2 MeV) and high gain range (above about 2 MeV). We found this calibration to be accurate to within about 0.2 keV for most energies, and slightly less accurate at the lowest (below about 200 keV) and the highest (above a few MeV) energies. All fits were performed using the GASPAN 1 gamma spectrum analysis program. We found that a Gaussian, with its width constrained at the instrumental resolution, provided an adequate description of the line shape at all energies.
The event types used in this study consist of single detector events (events that deposited energy in only one detector), double and triple events (events that involve coincident interactions in two or three detectors), and so-called broken double events (the energy deposits in individual detectors for double events). A detailed description of the various SPI event types is given in Roques et al. (2003) , Vedrenne et al. (2003) .
Line identifications and characteristics
The analysis and identification of the more than 300 instrumental lines and spectral features is an on-going process; Table 1 summarizes our current knowledge. An electronic version of the table, which will continuously be updated as our understanding advances, is available at CESR 2 . Up to 8 MeV the table entries refer to single detector events 3 . Combining coincident energy deposits in multiple detectors allows us to observe lines above 8 MeV. The quoted line count rates represent the sum over the full detector array. Table 1 is organized in five columns. The first two columns provide energy and count rate of the observed line or spectral feature; the quoted errors are statistical only. Columns three and four provide, if possible, the identified parent process and the nominal energy of the line or feature based on evaluated nuclear data available at the Brookhaven National Laboratory 4 and, in addition for lines from (n, γ) reactions, 1 The software, developed by F. Riess, and documentation are available under http://ftp.leo.org/download/ pub/science/physics/software/gaspan/ 2 http://sigma-2.cesr.fr/spi/download/ spi intrumental lines/ 3 In 1.4-1.6 MeV only single detector events that also triggered the PSD electronics have been used to avoid electronic noise; the count rates were corrected for the efficiency of the PSD electronics which at these energies is about 85% (see Roques et al. 2003) .
4 http://www.nndc.bnl.gov/ on Frankle et al. (2001) ; Reedy & Frankle (2002) . The comments in column five are intended to provide supplementary information.
We have not applied a strict and uniform criterion on the statistical significance of lines for inclusion in the table. For unidentified features, indicated by question marks in columns three and four, the significance is about 5σ. However, if we have reason to believe in the reality of a weak line or feature based on identified stronger lines and known branching ratios, then these are listed as well. If we have reason to believe that multiple processes contribute to a single line or feature, then these are listed in the order of their (suspected) contribution. In some cases we suspect a yet unidentified partial contribution to a line, which we again indicate with question marks. The measured line energy and rate are listed only for the first contributor.
Despite the excellent energy resolution of SPI there are many regions in the spectrum where a few or even several closely spaced lines blend to form a broad line or feature, or where lines and instrinsically broad features merge. These regions are indicated in the table. In particular for complex features it can be very difficult to determine reliable values for contributing lines. At this early stage of the analysis we then limit ourselves to merely listing identified contributors, without quoting values in the first two columns. Especially for complex regions the list of contributors can not assumed to be exhaustive.
We followed a variety of approaches to arrive at the line identifications in Table 1 . All identifications required close agreement between the measured energy and the nominal energy of the parent process. Processes involving proton and neutron interactions had to be plausible considering the material composition of instrument and spacecraft and the particle fluxes and cross-sections. The Monte Carlo simulations described in Sect. 4 were particularly helpful in this respect. For decays that result in the emission of multiple photons consistency was required between observed and expected line ratios. Again, Monte Carlo simulations were very helpful, especially for decays within or close to the veto shield or the Ge detectors. We also consulted compilations of instrumental lines seen in other high resolution Ge spectrometers flown in space, such as on HEAO-3 (Wheaton et al. 1989) , the TGRS on board WIND , and on Mars Odyssey (Evans et al. 2002) , as well as on balloons such as GRIS (Bartlett 1994) and HIREGS (Feffer 1996) .
The strength of some of the listed lines varies with time; the quoted values represent an average for March 2003. For lines from prompt de-excitations or the decay of short-lived isotopes the main cause for time variability is the variation of the ambient cosmic radiation. For lines from the decay of long-lived isotopes the variability of the line strength is mainly due to the interplay of activation and radioactive decay. This should be taken into consideration when trying to predict line strengths in the future. Also, there can be significant differences in the line strength between individual detectors (see Jean et al. 2003 , for more details on background variations).
A particularly abrupt change in the ambient radiation environment occurs during times when INTEGRAL is exposed Letter to the Editor to solar energetic particles. Regarding the SPI background lines, the most important effect of solar energetic particles is to greatly increase the strengths of lines due to inelastic proton scattering (e.g. on Al and C). In some cases lines which are too weak in the "quiescent" background become detectable during a solar event. The time variation of these lines follows closely the intensity of the solar proton flux. A more detailed discussion of the effect of solar energetic particles on the background of SPI is beyond the scope of this paper and will be presented elsewhere (see also Jean et al. 2003 ).
An important part of the background lines arises from decays of isomers or from EC decays of radio-isotopes produced by spallation and neutron capture reactions inside the Ge crystals. In general, an isomer decays by internal transition to its ground state and produces a single background line. However, if the half-life of an isomeric level is similar to the peaking time τ of the electronic, which for SPI is about 8 µs, and if the isomeric level is part of a cascade, then this cascade gives rise to a double-horn structure in the spectrum. For SPI this is the case for 67m Zn and 73m Ge inside the Ge detectors. The interpeak region is due to an electronic effect which results in a partial summation of two energy deposits that are about τ apart in time. The detailed dependence of the double-horn shape on the electronic time constants and the de-excitation cascade is complicated. Gamma-ray transitions in the daughter nucleus following EC decay inside the Ge crystals appear at two distinct energies, depending on the shell from which the electron was captured and on whether the gamma ray and electron binding energies are summed. The first EC feature is a blend of two components: gamma rays at the nominal transition energy 5 , and gamma rays summed with the electron binding energy for captures from above the K shell (labelled 
Background modelling
We employed the MGGPOD suite in an attempt to model the SPI instrumental background, in particular the many gamma ray lines, by Monte Carlo simulation. In a nutshell, the MGGPOD suite was developed to simulate ab initio the physical processes relevant for the production of instrumental backgrounds. These include the build-up and delayed decay of radioactive isotopes as well as the prompt de-excitation of excited nuclei, both of which give rise to a plethora of instrumental gamma-ray background lines in addition to continuum backgrounds. A detailed description of the MGGPOD suite can be found in Weidenspointner et al. (2003) .
A Monte Carlo simulation of instrumental backgrounds requires a mathematical representation of the instrumental set-up (the so-called mass model) and a model of the radiation environment. In our simulation we combined the very detailed mass model of the SPI instrument developed at NASA/GSFC (see Sturner et al. 2003) with "The INTEGRAL Mass Model" (TIMM) developed at the University of Southampton (Ferguson et al. 2003) which describes the spacecraft and the other instruments on board. The radiation environment consisted of two components: the cosmic X and gamma radiation was modelled according to Gruber et al. (1999) ; the Galactic cosmic-ray proton spectrum, corrected for solar modulation, was based on the models of Moskalenko et al. (2002) .
A comparison of a MGGPOD simulation of SPI single detector events with actual flight data (an empty field observation during Rev. 13) is depicted in Fig. 1 . It has to be Letter to the Editor emphasized that in this simulation the PROMPT package, which in the framework of MGGPOD is used for modelling prompt gamma-ray line emission after spallation, neutron capture, and inelastic neutron scattering (see Weidenspointner et al. 2003) , has not been included. The simulation comprises three background components: background events due to extragalactic X and gamma rays (blue), prompt background events resulting from nuclear interactions of cosmic-ray protons in spacecraft and instrument (green), and background events that arise from the delayed radioactive decay of radio-isotopes produced in nuclear interactions of cosmic-ray protons and their hadronic secondaries (purple). The sum of these three components is depicted in red; the actual flight data are represented by the black spectrum. A similar comparison between a simulated background spectrum, obtained with the GGOD Monte Carlo suite, and SPI data is shown in Ferguson et al. (2003) .
As can be seen in Fig. 1 , the MGGPOD simulation reproduces well the overall shape and magnitude of the continuum background, and also reproduces well many lines from radioactive decays. Special attention has been given to the numerous lines that result from decays involving isomeric levels, particularly in the Ge detectors. The simulation accounts for 71% of the observed total 20-8000 keV count rate. Below 4 MeV the simulation never falls short of the data by more than a factor of 2. At higher energies, where gamma rays from (thermal) neutron capture are important, but not yet included in the simulation, the difference can be larger. The lines from radioactive decays which are produced in the simulation provided very useful information for our line identification efforts (see Sect. 3). Modelling the SPI instrumental background by Monte Carlo simulation is an ongoing effort. A more detailed description and comparison will be presented in a forthcoming publication.
Discussion
SPI employs a large Ge detector array with a massive BGO anti-coincidence shield on board a heavy spacecraft. The confluence of these factors results in an instrumental background that is very rich in lines and spectral features for which we provide first identifications. The main contributor to this background, both line and continuum, are radioactive decays, particularly within the Ge crystals, nearby materials, and the BGO shield. Spallation and neutron activation are the dominant source of activation, as has been found for previous Ge spectrometers (see e.g. Wheaton et al. 1989; Evans et al. 2002) . These decays are well reproduced by ab initio Monte Carlo simulation using the MGGPOD suite. Thermal neutron capture is responsible for numerous and strong lines at several MeV; their unexpected presence poses a difficult challenge for our physical understanding of instrumental backgrounds and for Monte Carlo codes such as MGGPOD. Both the analysis and identification as well as the modelling of the line background are work in progress. We expect to present more detailed results in the future. (7) 0.037(7) 70 Ge(n, γ) 71 Ge 499.876(10) 71 As(EC) 71 Ge 499.876(10) 510.948 (6) 1.73(1) positron annihilation 511.0 kinematically broadened many sources 538.5 (2) 0.011(2) ? ? 66 Ge(EC) 66 Ga 536.74(7) 66 Ge(EC) 66 (5) 1.051(7) 69 Ge(EC) 69 Ga + K 584.54(3) blend ∼596-610 74 Ge(n,n') 596.847(6) 74 Ge(n,n') complex, saw tooth 73 Ge(n, γ) 74 Ge 595.847(6) 74 Ge(n,n') complex 74 As(EC) 74 Ge + L 597.1 74 Ge(n,n') complex 214 Bi(EC) 214 Po 609.312 (7) 74 Ge(n,n') complex, 238 U series 74 As(EC) 74 Ge + K 606.950(6) 74 Ge(n,n') complex 616.9(1) 0.0213 (2 72 Ge(n,n') 689.6(5) 72 Ge(n,n') complex, saw tooth 205 Bi(EC) 205 Pb 703.44(3) 72 Ge(n,n') complex 48 Ti 2295.625(7) blend, sum peak 48 V(EC) 48 Ti + L 2296.1 blend, sum peak 2300.7(1) 0.0112(7) 48 V(EC) 48 Ti + K 2300.591(4) blend, sum peak 2319.1(1) 0.0153 (7 66 Ga(EC) 66 Zn 3228.824(9) 66 Ga(EC) 66 Zn + L 3229.9 48 V(EC) 48 Ti + K 3228.858(11) 3238.2(1) 0.0066(4) 66 Ga(EC) 66 Zn + K 3238.483(6) 3381.2(2) 0.0046(4) 66 Ga(EC) 66 Zn 3380.88(1) 66 Ga(EC) 66 Zn + L 3381.2 3390.2(2) 0.0037(3) 66 Ga(EC) 66 
